The theory of electromagnetic induction is extended to the case where the driving electric currents must be considered explicitly. Differential equations for independent poloidal magnetic (PM) and toroidal magnetic ( 
INTRODUCTION
Electromagnetic fields are induced in the earth by external, ionospheric and magnetospheric, current systems and have long been used to investigate the electrical conductivity structure of the earth by the geomagnetic depth sounding or magnetotelluric methods. An additional natural source, the dynamo interaction of ocean currents with the ambient geomagnetic field, is important in the world oceans. Since the crust and mantle of the earth are electrical conductors that couple to the ocean both conductively and inductively, observations of low-frequency electromagnetic fields in the ocean contain information about both the electrical conductivity of the earth and the circulation of the oceans.
Electromagnetic fields produced by ocean flows are discussed by Cox et al. [1971] , Sanford [1971] , and Larsen [1973] . Solutions of the Maxwell equations for surface gravity waves were obtained by Weaver [1965] for an infinitely deep ocean and were extended to long waves in a finite depth ocean by Larsen [1971] . The surface and internal wave problem was also investigated by Podney [1975] , who presented a general method for solving fluid induction problems using a magnetic vector potential when the flow is incompressible. All of these studies indicate that the induced electromagnetic fields are small, amounting to fractions of a/xV/m or a few nanoteslas (nT) near the sea surface. At lower frequencies, tidal signals have been detected in both seafloor-and island-based electromagnetic data [Larsen, 1968] . Low-frequency, mesoscale and large-scale, ocean-induced electromagnetic fields are discussed by Cox [1980 Cox [ , 1981 , who emphasized the influence of shallow electrical conductivity structure on the observed fields.
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In this paper, the theory of electromagnetic induction is generalized to include the case where the driving electric currents must be considered explicitly, extending the work of Price [1950] and Weaver [1970] . For induction by fluid dynamo action (7 x F), no assumptions about the physics of the velocity field (e.g., incompressibility) are required, thus the result is more general than earlier work. Differential equations governing independent poloidal magnetic (PM) and toroidal magnetic (TM) modes in the ocean and earth are derived from first principles by dividing the inducing electric current into parts that drive each mode. Green function solutions for an ocean of uniform depth are then developed by including appropriate boundary conditions on the sea surface and seafloor. A feature of the result is the use of separate PM and TM mode response functions to represent the effect of the medium electrical properties (electrical conductivity and magnetic permeability) of the earth, and computational methods to handle any layered or continuously varying profile are given. The Green functions are applied to induction by surface gravity waves and a Kelvin wave model of the tides. An important result of the calculations is the presence of boundary layers at the seafloor and sea surface that profoundly influence the modal structure of the electromagnetic fields within the ocean. In particular, the TM magnetic field must vanish at the sea surface, and the vertical scale over which this occurs depends on the horizontal spatial scale of the flow and the importance of self and mutual induction. The tidal induction problem of Larsen [1968] is reexamined, and his neglect of the TM mode by modeling the ocean as a thin sheet with insulating boundaries is shown to cause large errors in the calculated seafloor electromagnetic fields.
GOVERNING EQUATIONS

Modal Structure of the Electromagnetic FieM
In a homogeneous, one-dimensional electrical medium, any electromagnetic field may be separated into two independent modes about an arbitrary direction in space• usually taken as that in which the medium electrical properties vary and labeled the z axis. The poloidal magnetic or PM mode is marked by electric current loops encircling the z axis and coupled to each other, and to the source, by mutual induction. The toroidal magnetic or TM mode consists of current loops in planes containing the z axis which cut across the changing electrical properties and are coupled by both self and mutual induction. Electric charges, which may be associated with the source and with gradients of electrical conductivity, affect only TM modes.
PM and TM modes produce, respectively, no electric or magnetic fields in the direction of the z axis. Since PM modes are an inductive phenomenon, they vanish in the limit of zero frequency, while DC currents are the limiting case for TM modes. PM and TM modes correspond to solutions of the first and second kind of Price [1950] and are called E polarization and B polarization modes by Larsen [1973] and Preisendorfer et al. [1974] . PM and TM modes are sometimes labeled transverse electric and magnetic modes, respectively; this usage is avoided here because of different meanings for those terms in exploration geophysics. Price [1950] showed that only PM modes can be induced in the earth by external current systems, but sources within the earth may produce any combination of them.
PM and TM modes are important concepts because they respond in very different ways to conductive structure. Because they include no electric currents in the z direction, PM modes are less sensitive to low-conductivity zones than to high-conductivity zones, coupling across the former by mutual induction. By contrast, the vertical electric currents associated with TM modes are deflected by electric charges that build up on low-conductivity interfaces and cannot penetrate them effectively, while highconductivity material presents less of an obstacle.
Preisendorfer et al. [1974] and Podney [1975] discuss
some of the characteristics of the water velocity fields which produce PM and TM modes in the ocean. Seawater moving in vertical planes containing the propagation direction of a wavelike disturbance produces PM modes, while velocity components out of this plane produce TM modes. This suggests that TM modes are intimately associated with the Coriolis deflection of a moving body on the rotating earth and are significant only for flows with characteristic periods comparable to that of the rotation of the earth. Exceptions to this occur when the velocity field is compressible, as in acoustic waves [Webb and Cox, 1982] and when discontinuities in the source electric current, as occur at coastlines, are included in the model.
Derivation of the Equations
The approximations to the Maxwell equations used to study electromagnetic induction in the oceans are discussed by Sanford [1971 ] value/z0 everywhere except in certain types of ore bodies.
For generality, it will be left arbitrary in the derivations. A concept that is often confused is the role of electric charge under the quasistatic approximation. The total electric current in (3) is Y---•o + o-E, and a consequence of the neglect of displacement currents is that •/' is nondivergent, meaning that the time rate of change of electric charge is zero. Nevertheless, electric charges are associated with conductivity gradients and source currents, but the electric currents which move these charges produce no magnetic effects (0t•-• 0 in (2)). The electrostatic fields that they produce are not small. Backus [1982] gives an elegant discussion of the quasistatic approximation as a singular perturbation problem. He showed that the quasistatic electric field is an exponentially weighted, local running mean of (V x •)//zcr, with an averaging time T = •/o-, where • is the electric permittivity. For the conducting oceans and earth, T ranges from picoseconds to nanoseconds, and the averaging effect is unimportant unless periods of this order are of interest in the physical problem. When extending the electromagnetic fields to the atmosphere above the earth, errors can be significant, as T --, oo when o---, 0. Solutions to the quasistatic equations can still be obtained, but they do not correspond to reality.
Equations ( (29) is -1 and all of the TM mode energy is trapped within the ocean. This does not hold for the PM mode since inductive coupling of horizontal currents across an insulating region is possible.
Assuming that reflections off of the conducting ionosphere may be neglected, the first of (18) is given by X --/x0 (32)
For continuously changing electrical media, suitable transformations exist to convert the homogeneous forms of the Fourier transforms of (6) and (7) the ionospheric variations at the seafloor and to the inherent insensitivity of PM modes to low-conductivity material, the magnetotelluric method cannot detect critical low-conductivity zones near the surface. Ocean island electromagnetic data are limited at high frequencies by the perturbing effect of the low-conductivity island on electric currents in the ocean [Larsen, 1975] . Controlled sources offer a very sensitive method to measure the electrical conductivity of the crust and mantle to depths of 20 km or more [Cox, 1980 [Cox, , 1981 [Schwiderski, 1980] , and with the advent of precise satellite altimetry this can only improve further. Corresponding advances in the understanding of ionospheric current systems are unlikely due to the great complexity of the physical processes which produce them. Global ocean tides contain three predominant species types' the semidiurnal, diurnal, and long-period tides. Of these, the latter is small and poorly constrained by sea level data. Both the semidiurnal and diurnal tides are applicable for induction studies. The solar tide S2 cannot be used due to the very large solar heating effect on its ionospheric part. The magnetic field at the semidiurnal M2 tidal frequency contains at most a limited ionospheric part [Larsen, 1968] , and its diurnal counterpart should behave in a similar way. The influence of ionospheric parts on the fields can be removed by comparing seafloor data to observatory data at inland sites for similar geomagnetic latitudes.
One potentially important quantity has been neglected in the analysis of this paper: the influence of seafloor topography in the electromagnetic fields. Sanford [1971] and Sklarz [1975] have applied perturbation methods to electromagnetic induction by large-scale ocean flow to examine this effect. They show that the largest change produced by topography is variation nf t_h_o. inducing currents by perturbation of the velocity field. This is accounted for by the tide model of Schwiderski [1980] .
Deflection of horizontal induced currents by the topography must also be considered, especially if the relief is large and the surface electrical conductivity is low [Sklarz, 1975] . Since the magnetic field is an integral measure of electrical current, the influence on it is expected to be smaller than for the electric field. Topographic corrections can be obtained by perturbation or boundary integral equation methods. In addition, only topography with a length scale that is a significant fraction of a tidal wavelength is expected to produce long distance changes in the electric currents, and small-scale topography can be neglected, except locally.
APPENDIX: EM INDUCTION BY A KELVIN WAVE FOR AN INSULATING CONTINENT
In the text, equations (6)- ( 
